ABSTRACT The use of a frequency-tripled, diode-pumped Nd:YAG laser in combination with a CMOS camera lens-coupled to a three-stage image intensifier allowed the visualization of the fuel distribution with crank angle resolution for hundreds of consecutive engine cycles. Biacetyl, doped into iso-octane, was excited at rates of 12 kHz with 100 ns pulses. Pulse energies are high enough to allow single-pulse imaging of the vapor-phase fuel distribution for motored and fired operation in an optical engine. The repetition rate of the setup is adequate to resolve critical steps in the development of the fuel cloud around the spark plug of a direct-injection gasoline engine.
Introduction
Laser-induced fluorescence (LIF) imaging to track the fuel distribution in internal combustion (IC) engines and other combustion devices is one of the most widely used applications of laser-based imaging diagnostics. The importance of the fuel distribution in governing combustion performance has motivated and pushed the development and application of a wide range of LIF-based techniques to assist research and development efforts. Most techniques that attempt to provide quantitative measures of the fuel concentration or equivalence ratio use a surrogate non-fluorescing fuel and a fluorescent tracer [1] . The variations used to date are numerous and are often custom-tailored to a specific measurement task. Usually, high-power pulsed lasers, like excimer lasers, Nd:YAG lasers with harmonic wavelength conversion, and dye lasers are used as excitation sources in the ultraviolet or near-ultraviolet spectral range. CCD cameras, often equipped with image intensifiers, are well estabu Fax: +1-734-764-4256, E-mail: smithdj@umich.edu lished as detectors in typical experimental setups. Commonly, the imaging systems have limited acquisition rates of a few frames per second. This frequency is much slower than those of engine related phenomena such as fuel injection, ignition and combustion, which tend to occur on the micro-and millisecond levels. Some improvements have been made to increase frame rates to engine related speeds by using multisensor cameras or cameras with multiexposure capability on a single chip, but these techniques were generally limited to a small number of frames (∼ 10) before having to pause for the camera chip(s) to be read [2] [3] [4] and or due to the limited number of pulses emitted by a laser cluster [2] .
Film-based systems allowed a higher number of frames to be recorded for Mie scattering experiments at 4 kHz frame rate using a copper vapor laser [5] . The emission wavelength of copper vapor lasers is unfortunately not suitable to excite commonly used fluorescence tracers for fuel distribution studies. More recently, advances in digital camera technology have made it possible to record at kHz-rates (up to > 100 kHz), and to do so for a significant number of frames. This has allowed for the visualization of naturally occurring combustion intermediates such as the OH radical (OH*) or soot luminosity throughout entire engine cycles [6, 7] . A combination of double-pulse PLIF of toluene using two excimer lasers and chemiluminescence imaging of OH * with a single highspeed camera yielded only two LIF images per engine cycle since the laser repetition rates were limited to one pulse per engine cycle [8] . Even though these sequences could be recorded for several hundred consecutive engine cycles, only two out of seventy images per cycle contain information about the evolution of the fuel distribution, while the remaining 68 only contained signal from OH*. The problem thus remains that a technique must be developed to measure vaporized fuel distribution, in a potentially quantitative fashion, at a high level of spatial resolution and adequate image repetition rate over several engine cycles.
With the advancement of high-power and high-repetition rate Nd:YAG lasers, it is now possible to have an excitation source that operates at the speeds necessary to follow engine phenomena in real-time. These lasers emit naturally at 1064 nm, however it is common to frequency double, triple or quadruple to achieve light at 532 nm, 355 nm or 266 nm, respectively. As the frequency is increased, however, efficiency decreases so it desirable to utilize the highest wavelength possible. Popular fuel tracers such as toluene and acetone both have absorption bands which are easily accessible to the fourth harmonic at 266 nm. Typical pulse energies of highrepetition rate Nd:YAG lasers at 266 nm are in the µJ-range, which is too low for PLIF diagnostics in engines. However, at 355 nm, pulse energies close to the mJ-level can be achieved with commercial systems at repetition rates of tens of kHz. Therefore, if a suitable tracer can be used, PLIF imaging at sustained kHz rates will become feasible.
Biacetyl is one such species with a relatively broad near-UV-Vis absorption band stretching from 340 nm to 470 nm [9, 10] . The use of biacetyl as a tracer for fuel imaging in engines has been described by Baritaud and Heinze [11] using a standard frequencytripled Nd:YAG laser operating at 10 Hz. The photophysics of biacetyl has been studied since the late 1950s, yet is not fully characterized for higher temperature and pressure conditions as present in engines. A recent study reports absorption coefficients and fluorescence quantum yields [12] for engine related conditions. The fluorescence emission band is broad, ranging from 420 nm to 520 nm with a peak near 485 nm [9, 13] and there also exists a strong phosphorescence emission band from 475 nm to 675 nm [9] that is suppressed at high temperatures (> 200
• C) as well as in the presence of oxygen [14] . The substantial separation of fluorescence emission from the excitation at 355 nm makes it attractive, for it is important to have the ability to suppress scattered laser light both from Mie scattering and from surface reflections in the engine. It should also be noted that the use of biacetyl and excitation at 355 nm instead of 266 nm is potentially useful for applications in engines with regular gasoline. Gasoline has very strong absorption bands below 300 nm [12] and excitation with short wavelengths leads to attenuation effects that are difficult to correct. This paper presents a method for conducting LIF measurements of vaporized fuel distribution as demonstrated in an IC engine at one crank-angle-degree (CAD) resolution (12 000 frames per second for engine speeds of 2000 RPM). This is done through the use of biacetyl as a fuel tracer excited with a frequency tripled diode-pumped Nd:YAG laser at 355 nm. Crank angle resolved image sequences from consecutive engine cycles, or oscillatory combustion processes in gas turbine combustors, are expected to provide insight into causes of random and rare events that lead to combustion instabilities, misfires, or extinction.
Experiment
The imaging system involves a high-speed CMOS camera (Vision Research Phantom V7.1) which is capable of capturing 4800 fps at full 800 × 600 pixel resolution. With an increase in frame rate, the readable sensor area is decreased. The camera can capture images at up to 150 000 fps at a reduced resolution of 32 × 32 pixels. The goal of this work was to acquire images for each crank angle degree. When an engine is running at 2000 RPM, the frame rate must then be set to 12 000 frames per second resulting in a resolution of 386 × 386 pixels. At this rate, the system is capable of storing over 38 000 frames in a single experimental run. The camera uses a memory gating function which allows for recording only during certain periods of the engine cycle. By utilizing this, the portions of the cycle that are of interest (e.g. injection, vaporization and combustion during the compression and early expansion stroke) can be recorded, while the remainder of the cycle will not be. This allows for many more cycles to be recorded; generally 300 to 400 per experimental run.
To increase signal levels, a lenscoupled image intensifier (LaVision HS-IRO) was used. This three-stage intensifier can be operated at rates up to 100 000 fps and shutter times down to 200 ns. Fluorescence signals were focused onto the intensifier with a Nikkon 105 mm ( f # = 1.2) lens. The transmission of this lens decreases rapidly below 400 nm. In combination with a WG 385 filter (Schott), this helped to efficiently FIGURE 1 Schematic of viewing area within the engine suppress the recording of Mie scattering and scattered laser light from surfaces.
The excitation source was a frequency tripled Nd:YAG laser (Quantronix Hawk) capable of firing up to 50 000 times per second. At 12 000 Hz, the average power is approximately 5 W, which roughly translates to 0.41 mJ per pulse. At this repetition rate, the pulse width is approximately 100 ns. The circular beam (approximate 0.6 mm diameter at outlet) was directed at a 45
• mirror which reflects 355 nm light while transmitting 532 nm light (AR-coating on backside). This is necessary to improve the separation of second and third harmonic wavelengths. If the second harmonic light (532 nm) is allowed in the engine, reflected and scattered light would pass through the filter setup, which then would pollute the collected LIF signal. After the mirror, the light was directed through sheet-forming optics (Rodenstock) to create a light sheet with a cross section of approximately 35 × 0.5 mm near the spark plug in the engine (Fig. 1) .
The engine is a single cylinder fourstroke direct-injected spark-ignition variant, displacing 0.5 L (Fig. 2) . Optical access for the laser sheet is provided by a quartz window on the surface of the extended length piston (Bowditch type) and a 45
• turning mirror. Signal collection is by way of a full length quartz cylinder liner and quartz windows in the cylinder head. The piston has a dish type feature on the top surface to aid in fuel stratification, so quartz windows are also present on the side of the piston to allow viewing inside this bowl [8, 15] .
The engine can be motored or fired at speeds between 600 and 2400 RPM, although all tests conducted for this experiment were performed at 2000 RPM. A hydraulic dynamometer is used to control engine speed and is accurate
